We present an experimental and a theoretical study of nonadiabatic wave packet dynamics in the intermediate coupling regime as exhibited by the IBr molecule. Using a femtosecond pump-probe molecular beam technique, we generated a wave packet which evolves on the electronically excited
I. INTRODUCTION
The nonadiabatic coupling of electronic and nuclear motions lies at the heart of the photochemistry of polyatomic molecules. These so-called radiationless transitions, such as internal conversion, lead to electronic to vibrational energy transfer and are thus often responsible for the ensuing chemistry. In some cases, even ''thermal'' chemistry may be profitably thought of from this point of view. The ''movement'' of an electron from the bond being broken to the bond being formed is induced by a nuclear motion-the collision-and may be thought of as an electronically nonadiabatic process. The transition state potential extremum may in fact originate from an avoided crossing with a higher lying electronic surface. Nonadiabatic processes are the rule rather than the exception in the spectroscopy and photochemistry of excited states of polyatomic molecules and underlie important biochemical mechanisms such as vision and photosynthesis. [1] [2] [3] [4] The Born-Oppenheimer approximation, an adiabatic separation of electronic from nuclear degrees of freedom, allows us to define one of the most useful concepts in chemistry-the potential energy surface. It allows us to ''picture'' the trajectories and, hence, reaction paths of the constituent atoms during a chemical process. The breakdown of the approximation due to electron-nuclear coupling leads to the mixing of electronic and nuclear states and the simple concept of a trajectory fails. The multimode dynamics of these systems is inherently complicated and full treatments of the coupled problem remain quite challenging. 5, 6 Consequently, approaches to dealing with this present situation often rely on reduced dimensionality descriptions of the dynamics in terms of wave packet motion on a limited number of potential energy surfaces. As a first approximation, the nonadiabatic steps are often treated in terms of onedimensional surface-hopping models using, for example, Landau-Zener theory to calculate the transition probabilities.
Time domain studies of isolated molecules can be complementary to the frequency domain, especially in cases where there are broad ranges of photodissociation resonance linewidths and may often shed new light on the dynamics. 4, 7, 8 Wave packet motion in diatomic molecules represents the simplest model system where curve crossing manifests itself and, as such, serves as a basis for understanding limits to the low-dimensionality approximation often used in polyatomic nonadiabatic dynamics. Nonadiabatic wave packet studies in diatomic molecules have been carried out on systems such as NaI, where two diabatic potential energy curves are strongly coupled 2,9-13 and, in our previous studies, on the IBr molecule. [14] [15] [16] The latter represents the interesting case of intermediate coupling: a complete failure of the Born-Oppenheimer approximation where the wave packet evolution cannot be described by either the diabatic ͑weak coupling͒ or adiabatic ͑strong coupling͒ approximations. 17, 18 In this article, we present details of a combined experimental-theoretical study of wave packet dynamics in IBr. A numerical wave packet calculation, addressing the same experiments reported here, is presented by Hus-sain and Roberts ͑HR͒ in the following article.
The low resolution absorption spectrum of IBr 19 has two broad features with maxima at 500 and 270 nm, respectively. The visible band has two open channels:
The main oscillator strength is carried by a bound state ͑the B 3 ⌸ 0 ϩ state͒ which correlates with I( 2 P 3/2 )ϩBr*( 2 P 1/2 ) products. The ground state I( 2 P 3/2 )ϩBr( 2 P 3/2 ) products are formed by predissociation due to a curve crossing with a repulsive state ͓the Y (0 ϩ ) state͔. In the present work, with wavelengths greater that 545 nm, we are concerned only with the predissociation channel to the ground state products.
The 19 on IBr at visible photon energies above the IϩBr*( 2 P 1/2 ) threshold revealed the curve crossing inherent to the problem. 20 Subsequent tunable and ultraviolet ͑UV͒ laser studies expanded on these results and added details on the potentials. [21] [22] [23] [24] In Fig. 1 both diabatic ͑dashed lines͒ and adiabatic ͑solid lines͒ potential energy curves are shown for the IBr molecule. The diabatic bound B 3 ⌸ 0 ϩ and repulsive Y (0 ϩ ) state potential energy curves were obtained using parameters of Guo. 18 The lower adiabatic curve is unbound at energies above the crossing point, whereas the upper adiabatic curve is a bound state which is capable of supporting vibrational levels. We emphasize that due to the intermediate strength of the coupling, neither of the solid ͑adiabatic͒ nor dashed ͑di-abatic͒ curves can be used to completely describe the dynamics. The experiments reported here were carried out at ten excitation energies ͑ranging from 590 nm near the crossing region to 547 nm near the IϩBr* dissociation limit͒, as indicated in the figures. The nonadiabatic coupling strength used by Child, 17 Shapiro et al., 15, 16 and Guo 18 was 150-170 cm
Ϫ1
, based upon comparisons with Br/Br* photodissociation branching ratios at Ͻ545 nm and the available spectroscopic data.
The B 3 ⌸ 0 ϩ← X 1 ⌺ ϩ absorption spectrum of the IBr molecule contains a large number of diffuse bands and there exist only a limited number of regions where sharp rotational structure ͑due to high J states͒ can be observed. 19, 25, 26 In seminal studies, Child et al. 17, 27, 28 gave an interpretation to the spectrum: the large majority of rovibrational states rapidly predissociate via coupling to the repulsive Y (0 ϩ ) state, which intersects the B 3 ⌸ 0 ϩ state above vЈϭ5. Sharp lines in the absorption spectrum arise from a near resonance between rovibrational levels in the bound diabatic B 3 ⌸ 0 ϩ state potential well ͑Fig. 1; dotted line͒ and the upper adiabatic potential well ͑Fig. 1; upper solid line͒. The onset for rapid predissociation is at the crossing point between the two diabatic curves ͑adiabatic-like behavior͒, whereas photodissociation at excitation energies above the dissociation threshold for formation of IϩBr*( 2 P 1/2 ) leads predominantly to the production of IϩBr*( 2 P 1/2 ) rather than IϩBr( 2 P 3/2 ) ͑diabatic-like behavior͒. This evidence suggested that the dissociation dynamics involves a mixture of the diabatic and adiabatic pictures, i.e., the intermediate case. In support of this, the ͑few͒ observed rotational constants are found to be intermediate between those expected based on the energy minima of either the diabatic or adiabatic potential wells. The resonance Raman spectrum of IBr was recorded and theoretically modeled 16 both above and below the B-state dissociation threshold, showing clearly effects due to curve crossing.
In our earlier study of rotationally cold IBr wave packet dynamics 14 we presented results from pump-probe ionization experiments for two pump wavelengths: 569 and 551 nm. The probing of the wave packet motion was achieved via two-photon ionization with mass spectrometric detection. At 569 nm the wave packet decayed within ten vibrational periods. By contrast, at 551 nm, long-time oscillations of the wave packet were observed in complete contradiction of the Landau-Zener picture. These oscillations were attributed to interference between diabatic and adiabatic wave packet evolution and are characteristic of the intermediate coupling regime. These regions of relative stability ͑i.e., the narrowest resonances͒ were correctly predicted by a simple weak coupling model ͑based on the Wentzel-Fermi golden rule͒.
We note that the dissociation of molecules in strong ͑nonperturbative͒ laser fields is also related to the problem of interference in nonadiabatic wave packets because laserinduced avoided crossings exhibit many of the same characteristics as the usual avoided crossings. 29 In fact, the notion of laser induced molecular stabilization 29 is based upon the interference between diabatic and adiabatic wave packet evolution on the dressed potentials, analogous to the phenomenon seen in IBr at specific energies. 14, 15, 28 In the following sections, we discuss the experimental method in more detail and present femtosecond ͑fs͒ pumpprobe scans as a function of the ten pump laser wavelength. We then go on to discuss the exact fully quantum mechanical formalism used for describing the dynamics and present the detailed simulations of the experimental data.
II. EXPERIMENT
We briefly review the experimental method which is described in detail elsewhere. 30, 31 A schematic view of the experiment is shown in Fig. 2 . A fs Ti-sapphire oscillator at 765 nm was amplified in a three-stage prism dye cell amplifier by a synchronized ps Nd:YAG pulse itself amplified in a high power regenerative cavity. 32 The amplified Ti:Sa pulse was split and used to generate two white light continua from which the required colors for each of the pump and probe lasers were selected and reamplified in two separate prism dye chains. The central pump wavelength and bandwidth were variable but the latter was set to yield measured pulse durations of 90 fs. For the probe laser, light around a central wavelength of 580 nm was selected and frequency doubled in a 0.1 mm BBO crystal, giving a 100 fs pulse centered around 290 nm. Note that in our previous communication, this probe laser wavelength was incorrectly reported as 340 nm. The pump and probe lasers were attenuated to approximately 25 and 10 J/pulse, respectively, and combined using a dichroic beam splitter. The collinear, copropagating lasers were then focused into the molecular beam photoion/ photoelectron spectrometer. Care was taken to locate the foci of the visible and UV laser beams away from the molecular beam axis so that neither the visible pump nor the twophoton ultraviolet probe transitions were saturated. Thus, the intensities of the pump and probe lasers were around 10 10 and 10 11 W/cm 2 , respectively. In these experiments, rotationally cold IBr molecules were excited from the ground state (r e ϭ2.47 Å) to the inner turning point of the diabatic B 3 ⌸ 0 ϩ state potential well using the tunable pump pulse. The ensuing wave packet evolution was monitored by measuring the return of the wave packet to the inner turning point of the B 3 ⌸ 0 ϩ potential using two-photon ionization with the probe pulse.
IBr ϩ ions (m/eϭ206, corresponding to 127 I 79 Br͒ formed by the probe step were collected in the time-of-flight mass spectrometer as a function of the time delay between the pump and probe lasers, which was varied between 0 and 30 ps using a motorized delay stage in the pump laser path. The partial pressure of the IBr sample ͑Aldrich͒, which was used without further purification, was controlled to 20 Torr and the IBr was rotationally cooled by seeding in 1 atmosphere of He. We expect that the jet cooled IBr was most likely 5-10 K rotationally and 80-100 K vibrationally. No clusters were observed in the pulsed valve expansion. Care was taken to shield the IBr sample and the gas lines connecting the sample to the molecular beam apparatus from ambient room light and a fresh sample was used on a daily basis.
III. THEORY
The process we wish to explore is the wave packet dynamics resulting from the excitation of the IBr molecule from the X 1 ⌺ ϩ state to the a superposition of continuum states in the B 3 ⌸ 0 ϩ and Y (0 ϩ ) electronic manifolds. The dissociation due to the excitation pulse ͓of electric field amplitude E 1 (t)͔ is monitored by a two-photon ionization induced by the probe pulse ͓of electric field E 2 (t)͔. One infers the wave packet dynamics in the dissociative states by monitoring the ion concentration as a function of a variable time delay between the two pulses. We here assume a combined mass of 207 amu, the average of the two isotopes of IBr ͑natural abundance: 48% with 206 amu, 52% with 208 amu͒.
Assuming that both pulses are sufficiently weak, we can write the amplitude for exciting a given continuum state of energy E in the B 3 ⌸ 0 ϩ /Y (0 ϩ ) excited states by the first pulse at time t as, FIG. 2. Experimental setup for pump-probe experiments. A fs Ti:Sa laser is amplified in a dye chain by a high power ps pulse. Continuum is generated and reamplified in two subsequent dye chains, providing the fs pump goes ͑590-547 nm͒ and probe ͑fixed 290 nm͒ pulses. A pulsed molecular beam into the interaction region of a photoion/photoelectron spectrometer. The total IBr cation signal was collected as a function of the time delay. 
A͑E,t ͒ϭ
where ⑀ 1 () is the Fourier transform of the first pulse,
and c E (t) are ''preparation'' coefficients, defined as,
Clearly, as t→ϱ, c E (t)→2. For a Gaussian pulse of the form,
for which
c E (t) is given 2, 33 as
where sgn(t)ϭ1 for tу0, sgn(t)ϭϪ1 for tϽ0. W͓z͔ is the complex error function 34 whose argument is given in terms of ␤͑E,t͒ϭ␣͑ E,0 Ϫ 1 ͒ϩit/2␣. ͑9͒
As a result of the absorption of the first photon, the ⌿͑t ͒ϭ ͵ dEA͑E,t͒
wave packet is formed on the coupled
The pump-probe ionization signal required to make comparisons with the experimental results is calculated as follows. If the center of the second pulse is delayed by time relative to the that of the first pulse, the amplitude of observing as t→ϱ the ith ionic vibrational state, due to the action of the second pulse, is given as,
where i are the final bound states of the ion and T 2 () is the two-photon transition operator in second order perturbation theory,
and i,E ϵ(E i ion ϪE)/ប. P(), the probability for producing ions in all states is therefore given, using Eqs. ͑3͒ and ͑11͒, as,
͑13͒
All the computations reported in this article are based on Eq. ͑13͒. The bound-free matrix elements ͗ Ϫ (E)͉ 1 ͉ 0 ͘ and ͗ i ͉T 2 ( i,E /2)͉ Ϫ (E)͘ were calculated using the artificial channel method ͑ACM͒. 35 We have used the X 1 ⌺ ϩ , the B 3 ⌸ 0 ϩ, and Y (0 ϩ ) potentials and the coupling between them as parametrized previously, 15, 16 save for the B 3 ⌸ 0 ϩ /Y (0 ϩ ) coupling matrix element which was reduced to 90 cm Ϫ1 , as discussed in detail below. The theoretical B 3 ⌸ 0 ϩ /Y (0 ϩ )←X 1 ⌺ ϩ photodissociation cross section, calculated by the ACM, which is related to the basic bound-free amplitudes of Eq. ͑2͒ as,
is shown in Fig. 3 . It can be seen that there are both broad and narrow resonances as a function of energy in the 16 500-18 400 cm Ϫ1 ͑606-543 nm͒ range. These suggest that there should be regions of relative stability for the diabatic B state.
The free→ionic two-photon transitions were also calculated with the ACM, assuming the ionization potential of 9.79 eV derived by Higginson et al. 36 and the ground IBr probe photon. In the article following this one, HR investigated the effects of intermediate resonance by explicitly including wave packet evolution on the intermediate E state during the probe laser pulse. They found that the form of the total IBr ϩ ion signal was not significantly affected by inclusion of the E state. Hence our treatment of the two-photon ionization as a nonresonant process is justified.
IV. RESULTS AND DISCUSSION

A. Experimental results
In Figs. 4 and 5, the detected IBr
ϩ signal is shown as a function of the time delay between the pump and probe lasers for pump central wavelengths in the range of 590-569 and 564-547 nm, respectively. The signals contain a large number of reproducible oscillations and generally show an overall decay, reflecting the predissociation of the excited state. For the wavelengths 590, 586, and 581 nm, the signals show a sharp maximum at zero delay followed by very rapid decay in one or two oscillations ͑for this reason, these data are shown only over the range of 0-10 ps͒. At 572 and 569 nm oscillations extending to 10 ps are observed, indicating a decrease in decay rate. At 564 nm, however, fewer oscillations are seen and the decay rate seems to increase again. This illustrates a general observation that the decay rate in fact oscillates as a function of excitation energy.
Wave packets evolving on single bound anharmonic potentials exhibit oscillation at the classical frequency followed by dephasing and finally revival, as the initial set of phases is eventually reproduced. The revival time is inversely proportional to the product of the anharmonicity and frequency. 38 Due to the short lifetimes of the resonances involved, the signal decays on a short time scale compared to the revival time and, hence, no wave packet revivals are seen. For the wavelengths 559, 555, and 551 nm, the decay rates decrease dramatically and oscillations can be seen beyond 30 ps. Furthermore, changing periods of oscillation and revival structure can be seen. For example, at 551 nm, the maximum at zero delay has followed very fast oscillations in the 0-5 ps range. The oscillation period increases in the 5-8 ps range and increases yet again beyond 8 ps. This oscillatory behavior persists on a significantly longer time scale than predicted by simple Landau-Zener calculations ͑i.e., about 40% of the population dissociates per vibrational period͒. For a wave packet excited to diabatic B-state vibrational levels in the range vЈϭ25-30 ͑i.e., 551 nm͒, a revival time of about 25 ps is expected. This can be seen weakly in the 551 nm data of Fig. 5 . At the shortest pump wavelength of 547 nm, where part of the wave packet is above the IϩBr* dissociation threshold, the signal shows only several very fast oscillations in the 0-5 ps range, essentially disappearing by about 7 ps. For the resonances which endure on longer timescales, one expects the Fourier transform ͑FT͒ power spectrum to show the presence of sharp frequency components corresponding to energy differences between any two pairs of resonances in the coherent superposition. In these experiments, the bandwidth of the pump laser was sufficient to coherently excite six to eight vibrational levels, depending upon the excitation wavelength. The FTs of the time delay scans of Fig. 4 are shown in Fig. 6 , whereas the FTs of the data of Fig. 5 are shown in Fig. 7 . Nearest-neighbor coherences at 28.7, 31.3, and 33.9 cm Ϫ1 are observable in scans with pump wavelengths between 551 and 564 nm. By comparison with the data of Eberhard and Sullivan, 26 we assign these ͑using the corrected numbering system of Child͒ to nearest neighbor coherences vЈϭ31Ϫ30, vЈϭ30Ϫ29 and vЈϭ29Ϫ28, respectively. We note that the assignments used by Selin and by Eberhard and Sullivan has all quanta reduced by three, as compared with Child. The second order ͑next-nearest neighbor͒ coherences ͑e.g., vЈϭ31Ϫ29͒ can be seen close to 60 cm Ϫ1 in the 551 nm FT data. A nearestneighbor coherence at 48.2 cm Ϫ1 is observable in scans at pump wavelengths between 559 and 572 nm and corresponds to the vibrational vЈϭ23Ϫ22, based on recent measurements of the absorption spectrum in a cold molecular beam. 39 The FT data show clearly that the resonance lifetimes oscillate as a function of energy.
The pump laser excites a wave packet which consists of a coherent superposition of resonances with varying widths. At short times ͑0-5 ps͒ the wave packet consists of a larger number of these and the pump-probe signal rapidly becomes very complicated. At longer times, a significant number of resonances in the coherent superposition have decayed and only a few levels have any significant residual population, resulting in a simplified beat structure, as seen in the 551 nm data of Fig. 5 . In the time domain picture, the signal becomes complicated because twice per vibrational period the wave packet moves through the crossing region and splits into two smaller wave packets which can interfere with each other. With reference to Fig. 1 , the initial state is a diabatic B-state wave packet which splits into two at the crossing region. A fraction, say 40%, dissociates ͑adiabatic behavior͒ to IϩBr products while the rest of the wave packet ''hops'' ͑diabatic behavior͒ to the upper adiabatic curve and continues out to the outer turning point. It subsequently reverses and passes through the crossing point again, splitting a second time. One part continues diabatically by hopping back to the B-state potential. The other part remains for the moment on the upper adiabatic curve. Thus, we have two wave packets, both of which can hop: a diabatic motion following the dashed B-state curve and an adiabatic motion on the upper solid curve in Fig. 1 . These two wave packets are strongly coupled by the curve crossing and therefore as they hop they will interfere with each other. As the classical periods of oscillation will vary with energy for both the diabatic and adiabatic wave packets, we expect this interference to depend strongly on energy. One could imagine, for example, that at characteristic energies the diabatic-adiabatic interference was such that they nearly cancel destructively in the IϩBr exit channel. This situation would lead to states which are relatively stable against dissociation. Their continued interference should eventually lead to ''standing waves'' across both potentials and would in fact represent the narrow scattering resonances involved. Conversely, a narrow scattering resonance can be thought of as originating from an interference between diabatic and adiabatic wave packet evolution.
B. Theoretical results
The calculations presented here used the potential parameters of Levy et al. 16 with an R-independent nonadiabatic coupling strength of V 12 ϭ90 cm Ϫ1 . The energy resolved
Eq. ͑14͔͒ the cross section shown in Fig. 3 , were calculated with the ACM. Using these amplitudes, the pump-probe time-resolved spectra were obtained via Eq. ͑13͒, basically as a Fourier transform of the convolution of the one-and twophoton bound-free matrix elements and the pump and probe laser pulses. A pump laser bandwidth of 160 cm Ϫ1 was assumed ͑i.e., Gaussian transform limit of 90 fs͒. The ionization probabilities to the separate open ionic vibrational states were then incoherently summed to obtain the integrated ion yield which is directly comparable, with the experimental data.
In Figs. 8 and 9 , we show the calculated pump-probe signal ͑integrated ion yield͒ for pump laser wavelengths in the ranges 590-569 and 564-547 nm, respectively. At the longest wavelengths, 590 and 581 nm, there are but a few oscillations before the wave packet decays. At the shortest wavelengths, at 547 nm near the IϩBr* dissociation limit, the behavior is more complex, but the decay is still fairly rapid. At intermediate energies, the calculations show interference between diabatic and adiabatic evolution which leads to long lifetimes and revival-like features in the pump-probe spectra, seen for example in the 559 and 555 nm plots. Thus, the essential physics of nonadiabatic wave packet dynamics, seen in the experimental results of Figs. 4 and 5, is captured nicely in the theoretical results of Figs. 8 and 9 .
There are, however, noticeable deviations between the calculations and the experimental results. At 590 and 586 nm, the calculations reproduce the very fast decay ͑only 2-3 recurrences are in evidence͒ quite well. At 581 nm, the experimental results look quite similar to those at 586 nm whereas in the calculations the decay is slower ͑4 to 5 recurrences are exhibited͒. At 572 and 569 nm, the calculations reproduce the experiments fairly well, including weak revival structure seen near 6 ps in the 569 nm results. The overall decay at 572 and 569 nm, is, however, faster in the calculations than in the experiments. At 564 nm, the wave packets again decay quickly, although now somewhat faster in the calculations than in experiment.
At 559 and 555 nm, both experiment and theory show the clear effect of diabatic-adiabatic interference, leading to long oscillations and revival structures near 13 and 25 ps. In the 555 nm experimental results, a high frequency oscillation is seen near 6 to 7 ps which shows up only weakly and at earlier times ͑3 to 4 ps͒ in the calculations. The experimental results at 551 nm show features similar to those at 555 nm, only more clearly and dramatically, indicating strong diabatic-adiabatic wave packet interference. We note that the theory results for 555 nm seem closer to the experimental results at 551 nm. The calculation at 551 nm shows a rapid and complex decay, quite similar in appearance to the experimental results for 547 nm. The theoretical results at 547 nm show broad irregular features not seen in the experiments.
In general, the calculations reproduce the experimental results most quantitatively at low energies near the crossing point. As the energy is increased, experiment and theory show similar features, but: ͑i͒ the theoretical plots generally show faster decays than the experimental ones and ͑ii͒ the calculations show effects that generally appear at higher energies in the experiment ͑i.e., the 555 nm theoretical curve looks like the 551 nm experimental one; the 551 nm theoretical curve looks like the 547 nm experimental one͒.
This detailed comparison of experiment with theory suggests to us that the form of the potentials and, particularly, the coupling strength V 12 may be in need of some modifica- tion. We began our calculations ͑not shown here͒ using an R-independent coupling strength of 170 cm
Ϫ1
, following Child, 17 Shapiro et al., 15, 16 and Guo. 18 We noticed that while this produced some agreement between experiment and theory at the higher energies ͑555, 551, and 547 nm͒, it reproduced the experiments rather poorly at energies closer to the crossing region. The choice of Morse parameters for the diabatic B state, the form of the repulsive Y state, and the nonadiabatic coupling strength ͑which may in general be R dependent͒ are all relevant to the simulation of the available experimental data. In particular, the potential functions and coupling must be chosen so as to fit the forms of the pumpprobe signals and their Fourier transforms ͑giving directly the level spacings involved͒ as a function of energy. They are also required to match the frequency domain data of Selin and Volkers et al. which are consistent with the time domain data reported here. The development of a new potential is in progress and will be reported elsewhere. 39 As a simple first step towards the development of new potentials, we simply varied the coupling strength, keeping all potential parameters unchanged, in order to see if the agreement could be improved. This study suggested that the coupling V 12 has a value around 90 cm Ϫ1 near the crossing region, but increases to a value near 170 cm Ϫ1 near the top of the diabatic B-state potential. We note that this suggestion remains consistent with the observed photochemical Br/Br* branching ratios used by Child 17 in determining his analysis. In the higher energy regime where both IϩBr and IϩBr* are open channels, we expect the coupling to be around 170 cm
. It is only at lower energies, below the IϩBr* threshold, that the coupling appears to decrease. If this result is corroborated by the frequency domain studies, it suggests that the assumption of an R-independent coupling may be inappropriate.
We should keep in mind, however, that very quantitative comparisons of these experiments with theory should consider several ancillary problems. The experiments were performed on the molecule 127 I 79 Br with mass 206 amu whereas the calculations assumed an average mass of 207 amu. The frequency domain results from Volkers et al. show in fact that the mass effect on the detailed position of the narrowest resonances is small but not insignificant. Furthermore, the experiments reported here were based upon fs two-photon ionization of the wave packet and therefore the potential effects of intermediate state resonance, autoionization phenomena, and slightly nontransform limited laser pulses on the detailed form of the experimental results might be discerned.
V. CONCLUSION
In this article we have presented results of fs pumpprobe experiments on nonadiabatic dynamics in the IBr molecule. The observed wave packet dynamics is complicated as a consequence of the intermediate strength coupling between the diabatic B 3 ⌸ 0 ϩ and Y (0 ϩ ) states. In IBr neither a diabatic nor an adiabatic description of the dissociation dynamics is appropriate and, as such, it represents the worst case of the breakdown of the Born-Oppenheimer approximation. Furthermore, the simple Landau-Zener picture of surface hopping is completely invalid in this case. As exemplified by the calculated photodissociation cross sections, the absorption of one photon to the continuum is characterized by the existence of both narrow and broad overlapping resonances. As a result one observes experimentally fast decay processes accompanied by long lived tails. This behavior varies quantitatively as a function of excitation energy. The ability of the pump-probe experiments to monitor both the slow and the fast modes of decay and the recurrence patterns generated by the interference between these diverse resonances provides details of the nonadiabatic dynamics.
The variation of the excited state lifetime with excitation was seen to oscillate as a function of energy. In a time domain picture, the regions of ''stabilization'' are due to interference between diabatic and adiabatic wave packet evolution. In fact, the existence of narrow resonances at characteristic energies may be generally thought of as arising from an interference between outgoing and incoming flux. We hope that future studies of nonadiabatic dynamics in polyatomic systems will augment the one dimensional results of the present study.
